Introduction
Operation of electrochemical devices utilizing polymer electrolytes requires the passage of ionic current. Insight into the nature and mobility of the current-carrying species is, therefore, essential to the successful design and utilization of polymer electrolyte materials-in such devices.
Three transport properties are needed for the full description of a binary salt/polymer solvent system [I] ; these can be chosen to be ionic conductivity, the salt diffusion coefficient and the cationic transference number (t}). By definition, a transference number is the net number of moles of an ion constituent that crosses a reference plane fixed with respect to the solvent when one Faraday of current is passed through the tixed plane. Measurement of the last has either proven to be difficult experimentally (e.g., the Hinorf method) or requires assumptions to be made about the ideality of the polymer solutions [2] .
We have recently developed simple electrochemical Il).ethods to determine the transport properties of non-ideal binary salt/polymer solutions, including 4°, based on concentrated solution theory [3] . The transport properties calculated from these measurements are based on a macroscopic model and are, therefore, independent of speciation (e.g., 4 ° includes cations in both the free and complexed states). There is no need for detailed knowledge concerning the formation of ion pairs, triplets or higher order aggregates to gain a thorough understanding about ionic transport in the polymer electrolyte relevant to device operation.
Ionic conductivity is measured as a function of salt concentration at the temperature of interest, using the AC impedance method. Salt diffusion coefficients are determined from the , relaxation of symmetrical cells galvanostatically polarized for short times. Data from the diffusion coefficient experiments, concentration cells and current interrupts are used to calculate 4 ° as a function of salt concentration for the polymer system of interest. Finally, the complete set 2 .of data may be used to calculate the thermodynamic factor (variation of the activity coefficient with salt concentration). While no specific information is provided regarding the types of species present in the polymer solution, the degree of non-ideality of the system can be determined. In contrast, Raman spectroscopy can be used to observe microscopic speciation directly [ 4, 5] , and thus is complementary to the methods described herein.
Experimental P(EO)NaX (P(EO) = poly(ethylene oxide), X= CF3S03-or N(CF 3 S02) 2 D polymer films \>v·ere prepared as described previously [3] . Poly(propylene oxide) (PPO, av~rage MW 4000, Aldrich) was carefully freeze dried using repeated pump-thaw cycles; dried salt was dissolved directly into the polymer using a magnetic stirrer and small amounts of acetonitrile. Acetonitrile was removed from the solution by further drying under vacuum at 100 °C for 100 h. The abbreviation O:M is used throughout the paper to indicate the ratio of CH 2 CH 2 0 or CH 2 CH2CH20 groups to moles of salt (M indicates either Li or Na).
LiTFSI (TFSI=(bis)trifluoromethanesulfonate imide, N(CF 3 S0 2 )2) was a gift from 3M
Company. NaTFSI was prepared by an ion-exchange reaction of LiTFSI with Nao. 44 Mn0 2 .
. LiTFSI was dissolved in acetonitrile and excess Nao. 44 Mn02 added. The solution was stirred for twenty-four hours and then filtered. The process was then repeated. Acetonitrile was removed from the solution by rotary evaporation, and the salt dried thoroughly in air and under vacuum.
No lithium was detected in the elemental analysis of the resultant product (University of California Micro-analytical Laboratory, Berkeley, CA).
3 Sodium (Alfa products) was purified as described previously [3] , and rolled into foils approximately 5 mil thick, prior to use in cells. Lithium foils 5 mil thick from Cyprus-Foote Mineral Company were used as provided.
The densities of the PEO based polymer electrolytes were measured by placing weighed films in 10 mL specific gravity bottles filled with cyclohexane. The weight of the bottle before and after displacement of the liquid then allows the volume of the electrolyte to be calculated.
Thermal characterization ofPEO electrolytes was carried out using a Perkin-Elmer DSC-7 differential scanning calorimeter, and by measuring AC conductivity as a function of temperature.
Cells of configuration Na/polymer electrolyte/Na or Li/polymer electrolyte + Celgard FT-Raman spectra with a wavenumber resolution of 2 cm-1 were recorded at 85 °C with the temperature stability in the sample estimated to be ±0.3 °C. The spectra were recorded with a
Broker IFS 66 with a Raman module FRA 106 and a continuous Nd:YAG laser (1064 nm) using a 180° back scattering geometry. During measurements, the sample cell was placed in an evacuated thermostat. To compensate for differences in overall signal intensity due to varying sample thickness and sample composition, all spectra were normalized to the characteristic CH2 region at -2700-3100 cm-1 , which was not affected by the introduction of lithium salt into the polymer matrix.
Results and Discussion
The methods described herein are best applied to true binary salt/polymer or liquid systems since concentrated solution theory dictates that n(n-1)/2 independent transport properties are needed to describe a system ofn components [1] . Thus, the presence of low molecular weight additives in gelled polymer systems requires determination of additional transport properties (e.
g., additional transference numbers and pairwise interaction parameters). ·In practice, these may be extremely difficult to obtain. These complications arise :from the microscopic interactions among polymer, solvent and salt.
Devices utilizing liquid electrolytes (e.g., LiCl04 in propylene carbonate) commonly have a porous separator such as a polypropylene fihll between electrodes. Although the solventsaturated separator resembles a gelled or plasticized polymer electrolyte in certain respects, the . pores in the polymeric separator are much larger than those in the gelled systems [6] . The separator is, therefore, essentially inert, and may be regarded simply as· a barrier reducing the effective cell area. Appropriate corrections should be made for pore volume fraction and tortuosity, but otherwise, the system may be considered a true binary salt solution, and the methods described herein are applicable. It should be noted, however, that rapid diffusional processes in low viscosity solvents may, in practice, be difficult to follow experimentally.
Ionic transport occurs predominantly in amorphous (molten) regions of the polymer-salt complexes [7] .-Therefore, the presence of crystalline polymer/salt complexes in some solutions at or near the operating temperature is a complicating factor in determining diffusion coefficients and t+
0
• This is of particular concern in the case of PEO based electrolytes, which are frequently partially or fully crystalline at room temperature [8] . In some cases, the electrolyte is two-phase at the operating temperature, consisting of a poorly conducting crystalline phase dispersed in a molten conducting phase with a different stoichiometry than that of the original polymer-salt mixture [9] . Any attempt to correlate transport properties \Vith the salt concentration of the bulk polymer electrolyte will then lead to erroneous results, although some useful information may still be obtained. For this reason, thermal characterization of the polymer-salt system prior to obtaining transport properties is desirable. We note that the thermal history of PEO based electrolytes may be of importance in these studies, due to the slow kinetics of recrystallization for high molecular weight systems [10] . Phase diagrams of some polymer-salt systems are available in the literature (see, e.g., reference 9 and papers cited therein). If possible, temperature and salt concentration ranges should be chosen so that two-phase regions are avoided. Figure 1 shows conductivity as a function of temperature for P(EO)IsNaTFSI, as well as / differential scanning calorimetry data. The conductivity shows a changeover from Arrhenius behavior to the predicted Vogel-Tammann-Fulcher behavior [11] at about 50°C, close to the 6 melting transition observed in the DSC scan. A eutectic was observed at 46°C for compositions near P(E0) 12 NaTFSI. No melting transitions above 68°C were observed over the concentration range used in this study (O:M=6-500). Prud'homme and coworkers [12] obtained similar results on the PEO/NaTFSI system, with slight differences ascribable to their use of polymers with lower molecular weights than in this work. While these results suggest that the operating temperature of sodium batteries may be substantially lowered from the currently used 85 6 C [13], we chose to make measurements at this temperature to avoid any possible complications from the presence of two-phase mixtures in the salt-rich region of the phase diagram.
The first transport property to be measured is the bulk ionic conductivity at the temperature of interest. This is most conveniently done using AC impedance techniques and cells with either blocking or non-blocking electrodes. In the latter case, the interfacial impedance may be determined in addition to the bulk electrolyte conductivity. It is well-known that the interfaces between polymer electrolytes and alkali metals are composed of either a corrosion layer (for ' sodium) [14] or a solid electrolyte interphase region (SEI) [15] for lithium. Ion transport phenomena in the interfacial regions can generally be observed separately from analogous processes in the polymer electrolyte and, therefore, do not interfere with the transport property measurements. A possible exception is for 4 ° and will be disc~ssed below.
' Results for the P(EO)nNaCF3S03 and P(EO)nNaTFSI systems are shown in Figure 2 . P(EO)nNaTFSI is generally more conductive than P(EO)nNaCF3S03 over the entire composition range, but both systems have values comparable to, or somewhat greater than the lithium analogs.
A maximum is seen at intermediate salt concentrations (at O:M = 20, in both cases). At low salt concentrations, conductivity decreases due to low numbers of charge carriers, whereas at high salt concentrations, the polymer segmental mobility is restricted by large densities of ionic crosslinks that reduce the ionic mobility. PP0(4000) is fully amorphous at room temperature; however, Prud'homme and coworkers [ 16] In order to obtain salt diffusion coefficients, Ds, symmetrical cells with non-blocking electrodes are polarized galvanostatically for short periods of time. When the current is turned off, the induced concentration profile in the cell is allowed to relax. At long times after the current interrupt, the following equation holds true [3] :
Where A<ll is the measured cell potential, Ds is the salt diffusion coefficient, L is the electrolyte [19, 20, 21] .
It is important to stress that the salt diffusion coefficients measured by this method, by definition, do not differentiate among species; diffusion due to all free ions, ion-pairs and aggregates are included in these values. The complexation reactions of ions in highly non-ideal polymer electrolytes may involve multiple concurrent equilibria yielding species that vary greatly in their diffusivity; therefore, no simple relationships between salt diffusion coefficients and composition are to be expected. Rather, the variation between salt diffusion coefficient and concentration will be highly system specific and should be determined separately for each 9 electrolyte and set of conditions. The variation of Ds with polymer composition is useful for determining the effect of concentration gradients upon the operation of working devices; large variations in Ds (and conductivity) with composition may promote premature failure of cells due to insufficient ionic mobility in part ofthe electrolyte layer, or composite electrode.
As with Ds, 4° is a macroscopic quantity in this treatment and includes transference due to all cation-carrying species; i.e., ion-pairs, triplets and higher order aggregates .. For the purpose of evaluating device performance, it is not necessary to know the details of speciation, although these may be of considerable interest to the polymer electrolyte scientist. It should also be noted that t.,. 0 is defined in the absence of concentration gradients; although small gradients must be induced in experimental cells to make measurements, care should be taken to minimize perturbation of the system. 
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If the polymer/salt solution is ideal (activities equal to salt concentrations), the transference number can be determined from the slope of a plot of the salt concentration vs. cell EMF according to equation 3 [22] :
These plots, however, deviate markedly from linearity, requiring knowledge of the thermodynamic factor (variation of activity with concentration). A second experiment IS necessary to obtain sufficient information for the transference number calculation.
For this. symmetrical cells are assembled and galvanos~tically polarized by applying a current i for a time tj. Again, conditions are chosen so that there is minimal perturbation, sufficient to establish concentration gradients at the electrodes, but not at the center of the cell.
A potential reading taken shortly after the current is interrupted can then be correlated with the data from the concentration cell. Thus, the amount of salt in one segment of the polymer film can be directly determined, as in the Hittorf method, without the need for sectioning and weighing the electrolyte film. In equation 2, m is the initial slope of the cell potential vs. iti 112 from several experiments in which i and/or ti is varied.
The potential reading ~<I> should be taken before significant salt diffusion occurs, but after double layer charging has dissipated. The latter is usually rapid (on the order of milliseconds) and the former slow (minutes to hours for polymer electrolytes). By plotting ~<I> vs. the dimensionless timeT: (4) the potential difference corresponding to the concentration profile at the time of current interrupt can be retained by linear extrapolation back to T=1 [23] . Figure 3 shows an example of this calculation.
Obviously, it may be difficult to determine t 0 + accurately if the overpotential in the cell is·. dominated by the SEI or corrosion layer, and relaxation processes are on similar time scales as that of the polymer electrolyte. Some information regarding this may be obtained from AC impedance measurements on cells with non-blocking electrodes. The usual precautions with regards to purity and dryness should, of course, be taken prior to cell assembly. The systems used in this study were generally well-behaved, and no unusual difficulties were encountered. If high interfacial impedance is a persistent problem, less strongly reducing electrode materials may be used in place of metallic lithium or sodium, e.g., two phase' Li or Na alloys [24] [25] [26] .
Care should be taken to avoid changing the composition of these electrodes, as will occur if a substantial current is passed for a long time.
Cationic transference numbers for all of the polymer systems in this study were strongly composition dependent. For the P(E0) 0 NaCF3S03 system, 4 ° values close to 0 were found for n=40-120; for compositions more salt-rich than P(E0) 4 oNaCF3S03 4° becomes negative [3] .
For the PEO/NaTFSI system 4° is negative over the entire,range investigated, O:M=120-7:1, decreasing slightly with increasing concentration and reaching a low of 4 ° = -1.15 for P(E0)7NaTFSI in the most concentrated solution studied.
'A more complex relationship between 4 ° and salt concentration is seen for the PPOLiTFSI system. The lithium ion transference number is negative for compositions O:M=30-200, nearing 0 for the most dilute solutions, but reaches a minimum of -2.3 at O:M=70. Interestingly, this matches the point at which the salt diffusion coefficient is at a maximum and roughly corresponds to the observed maximum in molar conductivity.
The consistent observation of negative 4 ° values for polymer electrolytes in all but the most dilute solutions may, at first glance, seem surprising. There is, however, ample precedence for negative transference numbers in aqueous electrolytes [27] . This is best understood in terms of the deviation of the solution from ideality caused by ion complexation reactions. This may be further quantified by relating the transference numbers to the thermodynamic factor [3] .
Since 4 ° is a macroscopic quantity, all cations, whether free or complexed, are included.
Thus, a negative 4° indicates that solvated "free" cations are relatively immobilized by the host matrix and that long range cationic transport predominantly involves correlated motions of cations and anions in the form of negatively charged aggregates of ions. In concentrated r solutions, (like those typically used in devices) the separation between ions may be only about lOA, and interchange among sites (ion pairs, triplets, aggregates, ions complexed by polymer, etc.) occurs rapidly. Thus, to interpret ion transport processes in terms of discrete species is undoubtedly an oversimplification. However, the notion that distinct associations of ions exist, at least over short time scales, is supported by extensive spectroscopic evidence [4, 5, 28] . For instance, in figure 4 , the multiJ.component nature of the Raman active vs(S0 3 ) mode reveals that the anions experience several different potential energy environments in the P(EO)nNaCF 3 S0 3 solutions. Components at 1033, 1037 and 1047 cm-1 have been attributed to "free" anions, NaCF3S03 pairs and negatively charged triple ions, and positively charged Na2CF 3 S03 triplets respectively [28] . The feature at around 1058 cm-1 has been assigned to larger aggregations of ions [28] , possibly precursors to salt precipitation, and is only observed at higher concentrations in the present study (O:M<55:1). We note that the existence of negatively charged ionic aggregates has been inferred from spectroscopic data m an endo-methylated PPO( 4000)-LiCF 3 S03 system by one ofus [19] .
It has been pointed out that a lithium battery can operate successfully even when 4 ° = 0 [29] , provided that ion pairs are mobile and anions can migrate in a direction opposite that of the ion pair diffusion. A similar logic applies when 4 ° is negative. The lower the cationic transference number, however, the stronger the tendency towards development of concentration gradients in the cell. The steady-state concentration gradient during discharge is given by equation 5 [30] :
where L is the thickness of the electrolyte. If local regions of the electrolyte have compositions that exhibit poor transport properties. premature failure will occur. Computer simulati9ns of Na!P(E0) 12 NaCF 3 S03/Na cells show that a steeper concentration profile is generated at the anode than at the cathode [31] upon passage of current. Because the transference number and salt diffusion coefficient decrease ~ith increasing salt concentration for this system, precipitation at the anode will occur before a limiting current at the cathode is reached. Although it is a common practice to use highly concentrated electrolytes to prevent salt depletion, these results indicate that better cell performance will be obtained with less highly concentrated solutions.
Markedly better rate capability is indeed seen for Na!P(EO)zoNaCF3S03/P2 NaxCo02 cells than
Conclusions
Electrochemical techniques for determining the three transport properties necessary for describing the behavior of a single phase, binary salt/polymer electrolyte are discussed. These are Wavenumbers [em -t]
